The origin of the well documented discrepancy between maximum voluntary and in vitro tetanic eccentric strength has yet to be fully understood. This study aimed to determine whether surface EMG measurements can be used to reproduce the in vitro tetanic force -velocity relationship from maximum voluntary contractions. Five subjects performed maximal knee extensions over a range of eccentric and concentric velocities on an isovelocity dynamometer whilst EMG from the quadriceps were recorded. Maximum voluntary (MVC) force -length -velocity data were estimated from the dynamometer measurements and a muscle model. Normalised amplitudelength -velocity data were obtained from the EMG signals. Dividing the MVC forces by the normalised amplitudes generated EMG corrected force -length -velocity data. The goodness of fit of the in vitro tetanic force -velocity function to the MVC and EMG corrected forces was assessed. Based on a number of comparative scores the in vitro tetanic force -velocity function provided a significantly better fit to the EMG corrected forces compared to the MVC forces (p ≤ 0.05), Furthermore, the EMG corrected forces generated realistic in vitro tetanic forcevelocity profiles. A 58 ± 19% increase in maximum eccentric strength is theoretically achievable through eliminating neural factors. In conclusion, EMG amplitude can be used to estimate in vitro tetanic forces from maximal in vivo force measurements, supporting neural factors as the major contributor to the difference between in vitro and in vivo maximal force.
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INTRODUCTION
Maximum strength and power varies with the velocity of muscular contractions and the length of the muscle fibres. The tetanic force -velocity relationship in isolated muscle fibres follows a well established profile characterised by an eccentric force plateau at approximately 1.5 -1.9 times the isometric value, and a hyperbolic decay in force with increasing shortening velocity (Hill, 1938; Edman et al., 1978; Harry et al., 1990) . In vivo measurements of maximum voluntary (MVC) force -velocity show differences to the in vitro tetanic profile, with eccentric forces not increasing much above isometric and tending to decline with increasing lengthening velocity (Dudley et al., 1990 , Westing et al., 1990 . Consequently, maximum voluntary eccentric strength is approximately 50% lower than the value one might expect based on maximum isometric measurements and in vitro tetanic force -velocity behaviour. Using transcutaneous electrical stimulation to supplement maximum voluntary contractions increases eccentric knee extension torque to above MVC, but has no significant effect on concentric torque (Dudley et al., 1990; Westing et al., 1990) . Using transcutaneous electrical stimulation as the sole source of knee extensor activation results in subjects not being able to tolerate the development of maximal torques. Constant stimulation levels that produce 40 -60% of MVC were used by Dudley et al. (1990) to reproduce a torque -velocity profile that was similar to the in vitro tetanic profile The maximum eccentric torque was 1.4 times the isometric value and did not drop off at higher eccentric velocities. Surface EMG amplitudes of the vastii and rectus femoris during MVC knee extensions are 10 -30% lower for eccentric compared to concentric velocities, which is suggested to represent reduced neural activity during lengthening contractions (Westing et al., 1991; Seger & Thorstensson, 1994; Beltman et al., 2004) . Based on these observations, it is widely believed that the MVC force -velocity profile is modulated by an involuntary changes in neural factors that limit the recruitment and / or discharge rate of motor units (e.g. Aagaard et al., 2000) . However, it is uncertain whether neural factors are solely responsible for the difference between MVC and in vitro tetanic eccentric forces. There may be other structural components of whole in vivo muscle tendon complexes, such as changes in pennation angle (Rutherford & Jones, 1992; Herbert & Gandevia, 1995; Aagaard et al., 2001) or myofacial force transmission (Rijkelijkhuizen et al., 2005) , that contribute. The marked difference between MVC and in vitro tetanic force levels for eccentric contractions clearly represents an opportunity for improving athletic performance. Given the likely contribution of neural factors (either as a reduction in neural drive or increased neural inhibition), the ability to measure this quantity is highly relevant and gives rise to the question: can the in vitro tetanic force -velocity curve be reproduced from MVC when EMG values are used to correct for involuntary sub-maximal activations? This study aims to determine whether synchronous measurements of surface EMG, torque, angle and angular velocity for MVC eccentric and concentric knee extensions can be used to reproduce the classical in vitro tetanic force -velocity relationship. The muscle force, length and velocity can be estimated using a muscle model and the corresponding EMG amplitude determined using a continuous wavelet time -frequency analysis (Karlsson et al., 2000) . This gives MVC force and EMG amplitude throughout the length -velocity phase space of the task. By mapping globally normalised EMG amplitude onto MVC force, EMG corrected force can be obtained which represents the force that would have been achieved with maximal amplitude at any fibre length and velocity combination. This final stage assumes a linear relationship between EMG amplitude and force over the measurement range, which is task and methodology dependent, therefore some means of validating the EMG corrected forces is required. This is achieved by comparing the MVC and the EMG corrected forces to the theoretical in vitro tetanic force -velocity profile. If the EMG corrected forces provides a better and realistic approximation to the in vitro tetanic force -velocity relationship, then it is likely that changes in neural factors are the major contributor to the difference between in vitro tetanic and MVC forces. This would be unlikely to occur unless the assumptions of a linear EMG amplitude -force relationship was partly valid, or there were specific finely balanced compensating errors.
METHODS

Subjects
Five male athletes of national or international standard in power-based sports participated in the study (age 30 ± 4 year, body mass 83.5 ± 13.7 kg, height 1.79 ± 0.06 m; mean ± SD). The subjects gave written informed consent and the study was conducted in accordance with the approval given by Loughborough University Ethical Advisory Committee.
Experimental protocol
Maximal effort knee extensions were conducted on an isovelocity dynamometer (Cybex NORM, CSMI, Stoughton, MA, USA) with built-in gravitational torque correction. The subjects were seated upright and strapped in to isolate the knee extensors. The dominant leg was strapped tightly to the dynamometer crank arm directly above the ankle joint using a plastic shin guard for protection. Care was taken in setting up the subjects to ensure that the rotational axis of the crank arm was aligned with the centre of the knee joint during near maximal extensions, and crank range of motion was set to the maximum comfortable for the individual. In the isometric trials knee angle was measured using a mechanical goniometer and this data was used to convert the measurements to a joint basis.
Data collection
After familiarisation and warm up the main protocol, following Yeadon et al. (2006) , comprised maximal isometric contractions at crank angles of 15° through to 75° in 15° steps (where 0° corresponds to anatomical zero), followed by maximal eccentric -concentric contractions at preset crank velocities starting at 50°·s -1 and increasing in steps of 50°·s -1 up to a maximum of 300°·s -1 . The latter was designed to provide the preactivation necessary to ensure maximum effort. The trials involved between one (low velocities) and five (high velocities) eccentric -concentric repetitions and a rest interval of at least two minutes between trials was enforced. The protocol finished with the repeat of an isometric trial, where maximum torque was originally recorded, and a dynamic trial (100 °·s -1 ) to provide a measure of reliability. EMG of the rectus femoris (RF), vastus medialis (VM), vastus lateralis (VL) and biceps femoris (HAM) were recorded using an active bipolar surface electrode system (Biovision, Wehrheim, Germany).
Data processing
The dynamometer and EMG signals were synchronously sampled at 2000 Hz and stored for off-line analysis in Matlab (The MathWorks Inc., Natick, MA, USA). The dynamometer signals were low-pass filtered at 8 Hz using a fourth-order zero-lag Butterworth filter and converted to a joint basis. All data from the joint iso-velocity range were used to provided torque data at a range of angles for each velocity. The joint data were input to a Hill-type muscle model to give the corresponding fibre force, length, and velocity for each of the knee extensors (Appendix A). This resulted in a series of subject specific force -length data for each muscle and velocity that were processed as described below to give muscle specific 2D force -length -velocity surfaces.
For each isometric trial the maximum force was identified. For each dynamic trial the single eccentric and concentric contractions with highest isovelocity forces were identified. The highlighted data from all trials were combined to generate the MVC force -length -velocity surface (Fig. 1A) . The EMG signals were bandpass filtered at 10 -500 Hz using a fourthorder zero-lag Butterworth filter. The amplitude of the signals was estimated using a timefrequency analysis (Karlsson et al., 2000; von Tascharner, 2000) . A complex Morlet wavelet with the wavelet parameters selected to maximize the resolution during dynamic knee extensions was used (Forrester & Pain, 2007) . This allowed the root mean square (RMS) amplitude averaged over 100 ms windows to be determined. For each isometric trial EMG amplitude corresponding to the previously identified maximum force was determined. For each dynamic trial EMG amplitude corresponding to the previously identified maximal eccentric and concentric contractions was determined. These data from all trials were combined and globally normalised to give an amplitude -length -velocity surface corresponding to the MVC force surface described above (Fig. 1B) . Finally, an EMG corrected force -length -velocity surface was determined by dividing the MVC forces by the corresponding normalised EMG amplitudes (Fig. 1C) :
where F EMG,i is the EMG corrected force for muscle i at length L i and velocity V i , F MVC,i is the MVC force and AMPN i is the normalised EMG amplitude. Figure 1 . Contour graphs detailing the data generated for each muscle group and subject from the isovelocity dynamometer and EMG measurements. These comprised: MVC force -length -velocity surface (A); normalised EMG amplitude -length -velocity surface (B); and EMG corrected force -lengthvelocity surface (C). The final graph was obtained by dividing the MVC force surface by the normalised EMG amplitude surface.
In vitro tetanic force function
The in vitro tetanic force -velocity relationship was approximated by a classical Hill-type hyperbola in the concentric region and a rectangular hyperbola in the eccentric region (Yeadon et al., 2006) . This function is defined by four parameters: maximum eccentric force (F ecc ); maximum isometric force (F o ); maximum shortening velocity (V max ) and the curvature of the concentric hyperbola (V c / V max ). It was fitted to both the MVC and EMG corrected peak force -velocity data on a subject specific bases. The measured isometric forces were excluded from this process as they were used to help assess the goodness of fit of the tetanic function. ~ 4.4 -12.7 optimal fibre lengths per second (Spector et al., 1980; Fitts et al., 1989 ) Faulkner et al. (1986) 
Joint basis
A simpler alternative to the individual muscle modelling was also assessed. The individual muscle EMG amplitudes were combined to approximate a knee extensors amplitude (AMPN KE ), which was then be used to correct (T EMG ) the measured MVC joint torques(T MVC ):
This approach has the advantage of not requiring a muscle model; physiological crosssectional area (PCSA) of the knee extensor muscles is the only additional piece of information required (Chow et al 1999) .
Statistical analysis
The goodness of fit of the tetanic force function to the measured MVC and EMG corrected forces was assessed based on the following values, providing information on the goodness of fit of the in vitro tetanic function to the measured forces (I and III), and the tetanic nature of the fit (II and IV).
I. Normalised RMS difference score between the tetanic and measured forces: The first four of these measures were assessed using paired samples t-tests (p ≤ 0.05 ) (SPSS version 13.0; SPSS Inc., Chicago, IL, USA).
RESULTS
Typical results for the MVC forces, normalised EMG amplitude and EMG corrected forces are shown in Fig. 2 . The results from fitting the in vitro tetanic force -velocity function to the MVC and EMG corrected force measurements are presented in Tables 2 -3 and Fig. 3 . Table 2 gives the fitted and measured isometric forces, where the fitted values were obtained independently of the measurements. Table 3 gives the goodness of fit comparison measures and those showing a statistically significant difference between MVC and EMG corrected forces are highlighted. Examples of the in vitro tetanic force -velocity function fit to MVC and EMG corrected peak forces for each muscle group are presented in Fig. 3 . Retests showed no noticeable loss of performance throughout the trials (all within 3 -8% of the original torque values). 
. MVC force (A & D), normalised EMG amplitude (B & E), and EMG corrected force (C & F) measurements. Data is presented as a function of fibre length and velocity (A -C) and along the velocity line of peak force (D -F).
Illustrated for the VL of subject S1. RMS difference between the in vitro tetanic fit and measured forces and percent difference between the in vitro tetanic fit and measured F o values were both significantly lower for EMG corrected forces compared to MVC forces. The ratio F ecc /F o was significantly higher for EMG corrected forces compared to MVC forces, and for the latter hit the lower bound of 1.30 for all five subjects. There were no significant differences in shortening velocity parameters V c /V max and V max . The ratio of fitted maximum eccentric force, F ecc,EMG /F ecc,MVC , had an overall value of 1.58 ± 0.19.
Typical results for the in vitro tetanic function fitted to the MVC and EMG corrected joint torques are given in Fig. 4 , where the EMG corrected torques were obtained using eq.
(1). The more accurate approach of summing torques from the individual muscles to gain EMG corrected joint torque gave very similar results to those presented in Fig. 4 : RMS differences of 6 -18 Nm compared to 13 -19 Nm; and isometric torque difference of -12 -6% compared to -10 -8%. This supports the simplified approach, given by eq. (1), for estimating EMG corrected joint torque. 
DISCUSSION
Visual inspection of the graphs in Fig. 3 suggests that the EMG corrected forces are closer to a classical in vitro tetanic force -velocity curve compared to the MVC forces. The main improvement is the raising of eccentric forces to a plateau nearly 1.4 times higher than isometric, a ratio similar to that obtained using transcutaneous electrical stimulation of the knee extensors (Dudley et al., 1990; Westing et al., 1990) . Statistically the EMG corrected forces were a significantly better approximation to the in vitro tetanic profile than the MVC forces (Table 3) . This was not strongly reflected in the normalised RMS score because of increased random noise in the EMG corrected force measurements. EMG signals, especially those from a single pair of electrodes, have greater variance than dynamometer measurements (Staudenmann et al., 2006) and introduce this variability to the EMG corrected forces. Also, the fits to the MVC forces already achieved a relatively low RMS difference, typically 7 -9%, as there were four free parameters to optimise and concentric forces should not be strongly affected by changes in neural factors. However, every MVC force optimisation hit the lower bound for the ratio F ecc /F o which was not the case for the EMG corrected optimisations. The third comparison measure is based on the difference between the in vitro tetanic fit and measured maximum isometric force, F o . For the MVC data the in vitro tetanic fit F o was consistently less than the measured F o , while for the EMG corrected data the in vitro tetanic fit F o could fall either side of the measured F o and the two were significantly closer (Tables 2  and 3 ). In order for the in vitro tetanic fit to the MVC data to obtain a low RMS error, F o had to be systematically underestimated to account for the low MVC eccentric forces (illustrated in Fig. 3) . The ratio V c /V max describes the degree of curvature in the concentric force -velocity hyperbola. Changes in neural factors are not expected to have a marked effect on concentric forces and based simply on this premise neural factors may not be expected to strongly affect either V c /V max or maximum shortening velocity, V max . However, the majority of the fits to the MVC data hit the upper bound for V c /V max , due to the tetanic fit F o being dragged to its lower bound to account for the low MVC eccentric forces ( Fig. 3 and Table 3 ). The fits to the EMG corrected data had more freedom in selecting the degree of curvature in the concentric force -velocity hyperbola since the in vitro tetanic fit F o values were more realistic. The fitting of the in vitro tetanic function to the force measurements allowed all four of the force -velocity parameters to vary within quite large but (tetanically) realistic bounds (Table  1) and assessed how well the resulting curves matched the established in vitro tetanic profile. Despite the freedom in this fitting approach, every MVC curve hit the lower bound for F ecc /F o and 75% hit the upper bound for V c /V max . In comparison, less than half of the EMG corrected curves hit a bound, suggesting that this data provides a better and realistic approximation to the classical in vitro tetanic force -velocity profile. The closeness of the EMG corrected forces to the classical in vitro tetanic force -velocity profile supports neural factors as the primary contributor to the difference between MVC and in vitro tetanic forces, although contributions from other factors cannot be ruled out, e.g. non-linear changes in pennation angle (Rutherford & Jones, 1992; Herbert & Gandevia, 1995; Aagaard et al., 2001) or myofacial force transmission (Rijkelijkhuizen et al., 2005) . Using reported data for changes in quadriceps pennation angle under load (Fukunaga et al., 1997) , gives a reduction in tendon force of up to 3% when the knee extensors are put under maximal isometric tension. This would account for most of the difference between the mean EMG corrected F ecc /F o value determined in this study (1.34 ± 0.06) and the value of 1.4 reported for experiments using purely sub maximal subcutaneous electrical stimulation (Dudley et al., 1990) . Care is required with such a comparison since changes in pennation angle are implicitly included in the measured value for F ecc /F o in the latter study. However, the level of stimulation was well below maximal and so pennation angle changes would have had a smaller effect on measured torque compared to this study. A value of 1.31 for F ecc /F o has been reported based purely on maximal tolerable stimulation, whilst using both MVC and stimulation resulted in higher absolute torques but a lower value for F ecc /F o of 1.23 (Westing et al., 1990) . Thus, it appears that not only is the ratio F ecc /F o limited to well below theoretical levels but that as F ecc increases in absolute terms, the value F ecc /F o tends to drop even with the aid of electrical stimulation. It is hypothesized that neural factors are present to act against excessively overloading the musculoskeletal system. To safely increase eccentric strength by decreasing the level of neural factors concomitant increases in resistance to loading of the tendons, bones, and other structural tissues would be necessary. This implies that marked changes in neural factors are only likely to be seen over long periods of training, longer than those normally assessed in training studies. The process of generating MVC and EMG corrected forces from MVC torques required a number of assumptions. The derivation of individual muscle forces assumed negligible cocontraction. Normalised EMG amplitudes of the hamstrings were no higher than 0.08 around peak torque for all contraction velocities, which is not sufficiently high to have affected the results presented. Also, EMG amplitude was normalised to a measured maximum assuming that: this was the true maximum of the EMG signal in the sense that it represented all fibres being maximally activated; and this maximum was the same over the length -velocity phase space of the knee extension task (Figs 1B and 2B) . Despite these assumptions RMS errors in the optimised fits were low, suggesting that although these areas require further work they are unlikely to have represented major limitations. The results presented suggest that EMG amplitude can be used to estimate tetanic forces from maximal in vivo force measurements, and neural factors are a major contributor to the difference between in vitro and in vivo maximal force. If eccentric strength depression is largely due to an involuntary change in neural factors, it may be questioned whether it is present in more natural movements, and if it can be manipulated or mitigated?
APPENDIX A. KNEE EXTENSIONS MUSCLE MODEL
The individual muscle forces were determined by assuming that the measured joint torque (T J ) was entirely due to the actions of the knee extensors:
where T F is the tendon force and M d the moment arm . Hence, assuming that muscle force is directly proportional to physiological cross-sectional area (PCSA), and neglecting differences in pennation angle, the fibre force (F F ) was estimated from:
where f PCSA is the fractional PCSA and α the pennation angle (determined assuming a constant muscle width; .
The fibre length (L F ) was determined from:
The muscle-tendon length (L MT ) was obtained from: L is the muscle-tendon reference length .
The tendon length (L T ) was obtained from:
where T k is the tendon stiffness, determined based on a tendon strain of 6% at maximum isometric force . The corresponding velocities were obtained by differentiating the length data. All muscle parameters were obtained from the literature and then scaled to the subjects of this study (Table A.1). Muscle properties were scaled to the individual subjects using the ratios: (i) SR1 (for forces) = ratio of body masses; (ii) SR2 (for lengths) = ratio of leg lengths; and (iii) SR3 (for moment arms) = 2 1 SR SR
